The relationship between woody breast (WB) and white striping (WS) myopathies were investigated in breast fillets collected from commercial slaughter facilities that process large broilers. For the population of samples collected in this study, 94.2% of all WB fillets also exhibited WS. Of the fillets that did not exhibit WB, 54.0% exhibited WS. Of the fillets that exhibited severe WB, 27.9% had severe WS, 50.9% had moderate WS, and 21.2% had mild or no WS. Approximately 82.8% of all WS fillets also exhibited WB. Of the fillets that did not exhibit WS, 26.0% exhibited WB. Among fillets that exhibited severe WS, 40.7% had severe WB, 46.0% had moderate WB, and 13.3% had mild or no WB. The strength of the relationship between WS and WB scores decreased as average fillet weight increased. In addition to overall WB and WS scores, a subset of fillets was also evaluated for specific attributes of muscle hardness, rigidity, out-bulging shape, and the occurrence of petechial hemorrhages on the skin-side surface of the fillets. Muscle hardness, rigidity, and out-bulging shape were highly correlated to WB scores but their relationships with WS were much weaker. There was a statistically positive, but relatively weak, correlation between the occurrence of petechial hemorrhages and the WB and WS myopathies. With regards to developing WB sorting criteria and methodologies, tactile traits have a greater potential for accurately indicating the presence and severity of the WB myopathy in broiler breast meat than visually-assessed traits such as WS.
DESCRIPTION OF PROBLEM
The woody breast (WB) and white striping (WS) myopathies that occur in the Pectoralis major muscles of broilers are associated with the fast growth rate and large size of modern birds [1] . These myopathies have a negative impact on the visual appearance and eating quality of fresh products and diminish the functionality of the breast meat in further-processed products. Fillets with the WB condition are often downgraded in processing plants causing significant economic losses to the industry. In the raw state, breast fillets with the WB condition are characterized by abnormal tissue hardness, overall muscle rigidity, and an out-bulging shape on the cranial end with a ridge-like bulge on the caudal end of the fillet [2] . Breast fillets with the WS condition are characterized as having white striations on the skin-side surface of the Pectoralis major muscle running parallel to the direction of the muscle fibers [3] . The WB and WS myopathies often occur in the same breast fillet and have similar effects on muscle histology and proximate composition [4] [5] [6] .
There is currently a need within the industry to develop objective classification criteria and technologies for assessing the occurrence and degree of severity of these myopathies in broiler breast meat. The development of accurate detection and sorting methods is partially impeded by a lack of understanding of how distinct, measurable macroscopic attributes in broiler breast fillets relate to myopathies. Although the WB myopathy is uniquely distinguished by tactile attributes of muscle hardness and rigidity [2] , WB fillets in commercial plants are often identified and sorted based on subjective evaluations of various visual traits such as WS, out-bulging fillet shape, and the presence of hemorrhagic lesions and viscous fluid on the skin-side surface of the fillets. These visual defects can be easily assessed and seem to be more common in WB breast fillets. However, the robustness of the relationships between the WB myopathy and visual quality defects such as WS, fillet shape, and hemorrhagic lesions are not well understood. Even though WS and WB myopathies have many overlapping characteristics and are often discussed together in the scientific literature, detailed data on how subjective WB and WS scores relate to each other and fillet weight has not been reported. Thus, the primary objective of this study was to determine the specific relationships between WB and WS occurrence and the degree of severity in commercially processed broiler breast fillets. Second, this study also investigated the relationships of the WB and WS myopathies with breast fillet weight and several visual and tactile fillet attributes.
MATERIALS AND METHODS

Samples and Myopathy Scoring
Over multiple collection days between February 2014 and December 2017, more than 2,600 boneless, skinless breast fillets (Pectoralis major) from mixed sex broilers were collected at 3 h postmortem from the deboning line of two commercial processing plants that slaughter large birds (average BW 3.6-4.1 kg). On collection days, breast fillets were selected according to WB status without regards to WS, fillet weight, and other myopathy-related attributes or they were selected according to WS status without regards to other fillet characteristics. Fillets were placed in plastic bags and transported on ice (<45 min) to the U.S. National Poultry Research Center (Athens, GA). Fillets were trimmed to remove excess fat and connective tissue and then weighed. Breast fillets were assessed for independent WS and WB scores from 1.0 to 3.0 in 0.5 score increments (normal = 1; mild = 1.5; moderate = 2 and 2.5; severe = 3) based on the subjective scoring criteria previously reported [3, 7] . In addition to WB and WS scores, a subset of the fillets (n = 817) were also independently scored for individual myopathy-related attributes (muscle hardness, muscle rigidity, prominence of cranial out-bulging, and caudal ridge-like shape) and petechial hemorrhaging on the skin-side surface [8] on a similar 1.0 to 3.0 scale.
Data Analysis
Data were analyzed using chi-square and frequency analysis [9] . The relationships between overall myopathy scores (WS and WB), individual myopathy-related attribute scores (hardness, rigidity, and bulginess), hemorrhage scores, and fillet weights were analyzed by calculating Spearman's correlation coefficients (r s ). To investigate the relationships between myopathy scores and breast fillet weights more closely, the fillets were divided into 10 equal-sized groups (∼268 fillets per group) based on fillet weights (162-343 g, 344-388 g, 389-419 g, 420-445 g, 446-469 g, 470-492 g, 493-513 g, 514-542 g, 543-582 g, and 583-739 g). The mean WS and WB scores for the weight groups were then plotted against the mean fillet weight of each group ( Figure 1 ). The mean myopathy scores and the percentage of fillets with each WB and WS score within each fillet weight group were included in Supplementary Tables S1, S2, and S3. Correlation analysis was also performed within each of the 10 weight groups.
RESULTS AND DISCUSSION
As expected, chi-square analysis demonstrated that there was a significant relationship between WB and WS scores (P < 0.0001). Frequency analysis was utilized to investigate the occurrence of each WS score within each WB category and the resulting data are presented in Table 1 . Among fillets that did not exhibit WB (WB score = 1.0), 54.0% of the samples showed at least some degree of WS (Table 1) . Approximately, 94.2% of the breast fillets with at least some degree of the WB myopathy (WB score ≥ 1.5) also exhibited WS. Among the fillets that exhibited severe WB (WB score = 3.0), approximately 21.2% of the samples had mild or no WS, 50.9% had moderate WS, and 27.9% had severe WS.
Frequency analysis was also used to investigate the occurrence of each WB score within each WS category and the resulting data are presented in Table 2 . Among the fillets that did not exhibit WS (WS score = 1.0), 26.0% of the samples showed at least some degree of WB (Table 2 ). Approximately 82.8% of the breast fillets with at least some degree of the WS myopathy (WS score ≥ 1.5) also exhibited WB. Among the fillets that exhibited severe WS (WS score = 3.0), approximately 13.3% of the samples had mild or no WB, 46.0% had moderate WB, and approximately 40.7% had severe WB. These data suggest that the occurrence and degrees of severity of the WS and WB myopathies are positively related. However, breast fillets were more likely to have WS without WB than they were to have WB without WS. This is consistent with data showing that indicators of WS often appear in the Pectoralis major muscles at earlier time points during the growth of broilers than the WB myopathy [10] .
Correlation analysis was utilized to investigate the strength of the relationship between WS and WB myopathy scores (Table 3 ). For the population of fillets collected from commercial processing plants in this study, there was a moderate correlation (r s = 0.55, P < 0.0001) between the WS and WB myopathy scores. This is consistent with other reported data using research flocks in which the correlation between the WB and WS myopathies was significant in both males (r = 0.55) and females (r = 0.64) [11] . It is well-established that the WB and WS myopathies are associated with bird size, growth rate, and breast yield [1, 12] . Therefore, it is not surprising that positive correlations were observed between fillet weight and WB scores (r s = 0.43, P < 0.0001) and between fillet weight and WS scores (r s = 0.33, P < 0.0001). Figure 1 shows the mean myopathy scores for each of the 10 designated weight groups plotted against the average fillet weight for each group. Both WS and WB exhibited a strong quadratic relationship with fillet weight (R 2 = 0.98 for both WS and WB) over the range of samples used in this study. Fillet weight seemed to have less impact on average WS score compared to WB score. The plateauing of the WS curve indicated that average WS myopathy scores minimally increased as fillet weights increased above 450 g. Increasing fillet weights from 300 to 450 g increased average WS scores by 0.6 units, but increasing fillet weights from 450 to 600 g only increased average WS scores by an additional 0.2 units. With the WB condition, however, the average myopathy score seemed to increase over the entire range of fillet weights. Average WB scores increased by 1.0 units from 300 to 450 g fillets and another 0.5 units from 450 to 600 g. These data confirmed that the incidence and intensities of both the WS and WB myopathies increase with fillet weight. Similar relationships between myopathy scores and butterfly fillet weights were observed in 6-and 9-wk-old broilers from a research flock [8] .
Evaluating mean myopathy scores as a function of fillet weight provided insight on the overall nature of the myopathy to fillet weight relationship. However, looking at changes in the distribution of myopathy categories with fillet weight (Figures 2 and 3 ) may be more illustrative of the impact that fillet weight has on the potential for product downgrades due to the severity of the myopathies. For the group of fillets that averaged 300 g, nearly 90% of the samples did not exhibit WB (Figure 2 ). The proportion of fillets without WB decreased dramatically from about 90% to 20% as average fillet weight increased from 300 to 450 g and then continued to decrease to approximately 10% as average fillet weight increased from 450 to 625 g. The proportion of mild WB fillets (WB scores = 1.5) increased from 300 to 400 g and then gradually decreased with fillet weight. The combined proportion of fillets with WB scores of 2.0 and 2.5 (moderate WB) steadily increased with an average fillet weight from 3% at 300 g to 50% and 625 g. The proportion of severe WB fillets (WB score = 3.0) increased with average fillet weight from <5% of fillets at 300 g to >30% of fillets at 625 g. Calculating mean percentages across weight groups revealed that moderate or severe WB conditions were observed in about 27% of the fillets <400 g (19% moderate WB, 8% severe WB) and in about 75% of the fillets >500 g (44% moderate WB, 31% severe WB).
Like the WB myopathy, the proportion of fillets in various WS categories also changed with fillet weight (Figure 3) . Approximately, 55% of the fillets averaging 300 g exhibited no WS. The proportion of fillets without WS substantially decreased to about 10% at 450 g and then exhibited only minor variations as average fillet weight increased. Although there was some fluctuation in the trend line, the proportion of fillets with mild WS (WS score = 1.5) generally decreased from about 30% to 20% as average fillet weight increased from 300 to 625 g. The proportion of fillets categorized as moderate and severe WS generally increased with average fillet weight. Calculating mean percentages across weight groups revealed that moderate or severe WS conditions were observed in about 30% of the fillets <400 g (20% moderate WS, 10% severe WS) and in about 68% of the fillets >500 g (49% moderate WS, 19% severe WS). These data suggest that using breast meat from birds with lighter single fillet weights (<400 g) may significantly reduce both the WB and WS myopathy incidences in broiler breast meat products. Many broiler processing plants that slaughter large birds are currently sorting out breast meat with the WB myopathy based on subjective criteria. Although the WB myopathy is defined by muscle hardness and rigidity [2] , often visual attributes such as fillet shape, petechial hemorrhages, presence of viscous exudate on meat surface, and even the degree of WS seem to be used as criteria for assessing the presence of WB. Furthermore, in the USDA-FSIS (USDA, Food Safety and Inspection Service) notice providing directives to processors for dealing with inflammatory tissue associated with these myopathies, the descriptors for identification focus more on visual traits such as WS, swollen tissue, hemorrhaging, and gelatinous fluid on muscle tissue [13] . Tactile traits such as tissue hardness and overall muscle rigidity are not mentioned. Data from the current study shows that although WS is related to the WB myopathy, the strength of the relationship (r s = 0.55) may not be adequate for product sorting purposes. In this data set, approximately 21% of the fillets with severe WB had mild or no WS and 17% of the breast fillets with WS did not exhibit WB. Additionally, the strength of the relationship between WS and WB was influenced by breast fillet weight. The positive relationship between WS and WB scores was stronger in fillets <500 g (r s = 0.49-0.58) than it was in fillets >500 g (r s = 0.26-0.41) (data not shown). These data suggest that identifying and sorting WB fillets based solely on WS scores could lead to a significant proportion of false positives and negatives, particularly for larger fillets (>500 g).
To investigate how various attributes within the Pectoralis major muscle are related to each other and subjective myopathy scores, a subset of the fillets (n = 817) were independently assigned scores for several tactile (muscle surface hardness and muscle rigidity) and visual (prominence of cranial out-bulging and caudal ridgelike shape, petechial hemorrhaging) attributes in addition to WS and WB scores. As expected the tactile traits of muscle hardness and rigidity were highly correlated to WB scores (r s = 0.96 and r s = 0.94, respectively) ( Table 3 ). Breast fillet shape (bulginess) was also highly correlated to WB scores (r s = 0.88). Similarly, it has been reported that geometric measurements that describe breast fillet shape are strongly related to WB [14] . The hardness, rigidity, and bulginess scores were correlated to WS scores, but the relationships were expectedly weaker (r s = 0.44-0.48) than their relationships with WB scores (Table 3) . Previous research has shown that petechial hemorrhaging is greater in fillets exhibiting the WB and WS myopathies [2, 8, 15] . Similarly, the current study observed increased petechial hemorrhaging in WS and WB fillets compared to normal breast meat. However, the correlations between petechial hemorrhaging and WB scores (r s = 0.38) and WS scores (r s = 0.26) were significant (P < 0.0001) but relatively weak (Table 3 ). These data suggest that tactile fillet attributes rather than visual attributes likely provide a more accurate assessment of the WB myopathy.
CONCLUSIONS AND APPLICATIONS
1. The occurrence and degree of severity of the WS and WB myopathies were positively related in broiler breast meat. However, the strength of the relationship was only moderate and weakened as breast fillet weight increased. 2. From the population of commercially processed breast fillets collected in this study, 21% of the severe WB fillets exhibited only mild or no WS and 17% of WS fillets did not exhibit WB. 3. Data suggest that easily assessed visual traits such as WS, fillet shape, and hemorrhaging may not be accurate enough indicators of WB occurrence or degree of severity for the purposes of developing visually-based WB sorting criteria, as they could potentially lead to high rates of both false positive and false negative classifications. 4. These data imply that sorting criteria and technologies based on the tactile attributes of the Pectoralis major muscle, such as hardness and rigidity, may provide a more accurate assessment of the WB myopathy in broiler breast meat.
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